Our group has been engaged in the search for allelopathic plants in order to determine allelochemicals and its mechanism. In the course of this study, we developed new methods to discriminate and identify allelopathic actions from other competitive factors such as nutrients, light and water . We reported allelopathy in Velvetbean (Fujii, 1991) , Hairy vetch (Fujii et al. 1992, 1995, medicinal plants , and other species as well.
Our group has been engaged in the search for allelopathic plants in order to determine allelochemicals and its mechanism. In the course of this study, we developed new methods to discriminate and identify allelopathic actions from other competitive factors such as nutrients, light and water . We reported allelopathy in Velvetbean (Fujii, 1991) , Hairy vetch (Fujii et al. 1992 (Fujii et al. , 1995 , medicinal plants , and other species as well.
In the course of those research, we established a new bioassay system that could demonstrate and assess the potential allelopathic action of plants. It was named "plant box method," and "sandwich method". This method involves mixed planting using agar medium, and is effective to study on the exudation of allelochemicals from leaves and/or roots. These methods can be applied to evaluate the allelopathic action of root exudates and leaf leachates.
On the other hand, we realized a difficulty to use allelopathic plants directly to agriculture by itself, because other competitive factors such as light and nutrients are also acting on them in parallel. We decided to use the allelopathic factor together with such competition factors for plants growth. In this sense, cover crop is probably a good application of allelopathy. If other competition factors are the same, allelopathy will play an important role in weed suppression in combination with other factors. Some farmers suggested from their experiences that some ground cover plants suppress weeds drastically. There is a possibility that some cover crops could be used for practical weed suppression. In order to study its feasibility, we began to screen the allelopathic activity of cover plants by the plant box method and the sandwich method. Based on these primary selections, and experiences on the fields, we conducted a field experiment to select the most promising cover crop species for the weed control in orchard garden and abandoned fields. (Fujii et al. 1990a (Fujii et al. , 1990b : 70 plant species were tested on their allelopathy following the Richards' function method (Richards, 1959) , which was proved to be suited for germination tests of lettuce and some weed plants (Lehle & Putnam, 1982) . In order to stop the action of enzymes, which degrade certain constituents of a plant, and to minimize the alteration of the constituent organic substances, the leaves, stems and roots were dried at 60°C for 24 hrs. One hundred mg of the dried samples was extracted with 10 ml water. Extracted mixture was sonicated for 60 sec to complete the migration of chemicals into aqueous solution. The extracts were filtered with Whatman No.4 filter papers. Ten lettuce seeds were placed in 4.5 cm diameter-Petri dishes soaking 0.5 ml of test solution on Whatman No.1 filter papers. The seeds on Petri dishes were incubated in the dark at 25 °C. Numbers of the germinated seeds was counted, and growth of hypocotyl and radicle were measured on the 4th day.
Materials and Methods

1) Survey on allelopathic plants
The parameters evaluated in the germination tests were: onset of germination (Ts), germination rate (R), and final germination percentage (A). A simplex method was applied for the computer simulation of germination curves with the Richards' function.
2) Velvetbean cultivar: A dwarf cultivar of velvetbean, Mucuna pruriens var. utilis cv. ana, was used for the field test and the extraction of allelochemicals. The seed was either a gift from Dr. Shiro Miyasaka or purchased from Pirai Seed Company in Brazil.
3) Incorporation of velvetbean leaves into soil: Two forms of velvetbean were mixed into the volcanic ash soil in Tsukuba: one was dry leaves oven-dried at 60°C over night, the other was fresh leaves. One gram of oven-dried leaves was added to 100 g of soil. The same weight of cellulose powder was added to other pots as a control. Fertilizers added to each pot were as follows: N, P, K of 50, 100, 50 mg/100g-soil d.w., respectively. Additive amount of nitrogen from the velvetbean residues (1.2%) was supplemented to control pots. 4) Weed appearance in the fields with velvetbean stands: Planting of velvetbean and some other plants were repeated for a period of 2 to 3 years (Fujii, 1991e) . Plants were grown in lysimeters: each size is 10 m 2 and six replications, where the surface soils of 10 cm depth were replaced with uncultivated soils in starting year. Each plot received a standard level of chemical fertilizers: N, P, K of 80, 80, 80 g/10 m 2 except for fallow. 5) Mixed culture of velvetbean by allelopathy discrimination methods: Allelopathy of velvetbean in the field was confirmed using the Stair-step (Fujii et al., 1991f, Yasuda et al., 1991 and the Substitutive experiment (Fujii et al, 1991a (Fujii et al, , 1991b . The stairstep experiment was designed according to the method of Bell and Koeppe (1972) with three replications within two mixed plants. Circulation of nutrients solution was about 600 to 800 ml/hour per pot. Half strength of Hoagland's solution was circulated. The substitutive experiment in this study was modified from Fujii et al, (1991f, 1991g) . 6) Isolation and identification of allelopathic substances from Mucuna: Substances were extracted from fully expanded leaves and roots of velvetbean with 80% ethanol. The acid fraction of the extract inhibited the growth of lettuce seedlings. This fraction was further analyzed by silica gel column chromatography and HPLC with an ODS column. The major inhibitor was identical to L-3, 4-dihydroxyphenylalanine (L-DOPA) (Fujii et al, 1991c) . The identification was confirmed by co-chromatography with an authentic sample using two HPLC column systems (silica gel and ODS) equipped with an electro-conductivity detector.
7) Isolation and identification of allelopathic substances from hairy vetch: In order to isolate plant growth inhibitors, Hairy vetch was cultivated in our institute's experimental field (Tsukuba, Japan) from October 2000 to May 2001. Neither fertilizer nor pesticide had been applied in the field at least for 3 years. For quantification of cyanamide in the seedlings of hairy vetch, seven seeds were placed on vermiculite (Fukushima Vermi, Fukushima, Japan) filled in a pot and covered their top with vermiculite. The germinated seeds were subjected to HPLC analysis. The seedlings in the pot were incubated in an illuminated growth chamber (Eyelatron FLI-301NH; EYELA, Tokyo, Japan) for 9 d at 25°C with 25000 lx. Nuclear magnetic resonance (NMR) spectra for 1 H and 13 C were taken by a JNM a-600 (JEOL, Tokyo) spectrometer. Infra-red (IR) spectra were obtained by a Spectrum GX-AutoIMAGE system (PerkinElmer, Boston, MA, USA). High performance liquid chromatography (HPLC, 626 pump with 996 photodiode array detector; Waters, Milford, MA, USA) equipped with an ODS column (Inertsil ODS-3, 250 _ 4.6 mm i.d.; GL-Sciences, Tokyo, Japan) eluted with water at a flow rate of 1.0 ml min -1 with detection at UV 210 nm was used for the isolation and quantification of cyanamide. Table, 65 plants were investigated with lettuce seed germination tests. Allelopathic activity of Velvetbean was distinctive among plant species tested in our study. Some other plants such as Artemisia princeps, Houttunia cordata, Phytolacca americana, and Colocasia esculenta also shows the inhibitory response. The allelopathic nature of these plants is also important, and is subjected for the future study.
Results and Discussion
1) Survey of allelopathic plants: As listed in
2) Incorporation of velvetbean leaves into soil: An experiment was performed to examine the effects of velvetbean on the growth of other plants in a mixed culture. The treatment also included an incorporation of velvetbean leaves into soils. Incorporation of fresh leaves into soils (1.0% W/W in dry weight equivalent) reduced succeeding emergence of kidney bean (Phaseolus vulgaris) up to 60%, and plant biomass up to 30% of the control. This effect diminished two weeks after the incorporation. Incorporation of dried leaves showed no inhibition.
3) Weed appearance in the fields where Velvetbean stands: Weed populations in spring in the continuous cropping fields grown in lysimeters found that velvetbean plot showed a lower population of weeds, dominated by sticky chickweed (Cerastium glomeratum), than the other plots of egg plant, tomato plant, upland rice and fallow did.
4) Mixed culture of velvetbean with Stair-step apparatus: The Stair-step method is a sort of sand culture with a nutrient solution re-circulating through a staircase bed. Through this method, the presence of velvetbean reduced the growth of lettuce shoot to the 70% level of the control. This result indicates that velvetbean root exudates have allelopathic activity. 5) Allelopathic compound in velvetbean: The effective compound of velvetbean in restraining the growth of companion plants was confirmed its association with L-DOPA (Fig 1) . Velvetbean seeds are well known to contain a high concentration of L-DOPA (6 to 9%) (Damodaran, 1937 , Rehr et al., 1973 , which plays chemical barrier against insect attacks (Bell & Janzen, 1971 , Premchand, 1981 . In mammalian brain, L-DOPA is the precursor of dopamine, a neurotransmitter, and also important intermediates of alkaloids in plants. In animal skin, hair, feathers, fur and insect cuticle, L-DOPA is oxidized to dopaquinone, and finally converted to melanin. Since L-DOPA is an intermediate species in a such biochemical pathway, and rapidly metabolized, normal tissues keep low content of L-DOPA.
Fresh velvetbean leaves contain L-DOPA as much as 1% of their weight. It actually exudes from root, and its concentration reaches 1ppm in water-culture solution, and 50 ppm in the vicinity of roots. This concentration is high enough to reduce the growth of neighboring plants and the growth inhibition in a mixed culture is shown in Agarmedium culture (Fujii & Shibuya, 1991a , 1991b . It also leaches out from leaves with rain drops or fog dew. Since velvetbean produces 20 to 30 tons of fresh leaves and stems per hectare, approximately 200 to 300kg of L-DOPA may be transmitted to soils in a year.
6) Phototoxic effects of L-DOPA. L-DOPA suppresses the radicle growth of lettuce and chickweed to the level of 50 % of the control at 50 ppm (2x10 -4 mol/l). It is however less effective to the hypocotyl growth, and practically not effective to the germination. L-DOPA strongly inhibits the plant growth of Cerastium glomeratum, Spergula arvensis (both Caryophyllaceae), Linum usitatissimum and Lactuca sativa, and moderately inhibits the growth of Compositae, while very limited effects on Gramineae and Leguminosae. Such selective action is similar to other candidates of allelochemicals (Chou & Kuo, 1986, Elacovitch and Stevens, 1985) . The L-DOPA contained in fresh velvetbean leaves fully attributes to the plant growth inhibition through its crude extract. The result that L-DOPA strongly suppresses the growth of chickweed agrees with weed inhibition exhibited in the velvetbean field. All these data suggest that L-DOPA function as an allelopathic substance.
In the aged leaves, the content of dopamine increases relative to that of L-DOPA, and L-DOPA and dopamine are presumably converted to catechol in the litter.
It is an earlier understanding that velvetbean smothers weeds under its rapid and thick covering effect with leaves. However, the above-noted results suggest that L-DOPA or its associate compounds, accumulated in an extremely high concentration in plants, function as an allelochemicals in reducing a weed population. The role of L-DOPA in velvetbean seeds was earlier regarded as a chemical barrier to insect attacks. It is now confirmed, however, that it plays another role of its allelopathic activity in weed control.
Apart from the L-DOPA in velvetbean, caffeine in a coffee tree (Rizvi et al., 1981) , mimosine in Lucaena spp. (Chou & Kuo, 1986) , nordihydroguaiaretic acid (NDGA) in a creosote bush (Elacovitch & Stevens, 1985) , each contained at a high quantity in the respective plants, are well known to have physiological effects on animals, while their associations with other plants in terms of allelopathy have only recently been identified. It is expected that some secondary metabolites would be effective in the field of allelopathy. We also isolated Z-3-hexenal as a potent plant growth inhibitor form Velvetbean and hairy vetch. As for the mode of action as herbicide and practical application for the agriculture are now undergoing.
Since velvetbean has special abilities such as weed smothering (Fujii et al., 1991a) , tolerance to pests Janzen, 1971, Hulugalle et al., 1986) , suppression of nematode population (Reddy et al., 1986 , Tenente et al., 1980 , Tenente et al., 1982 , and soil improvement in its physical structure (Hulugalle et al., 1986) , these plants could be more widely used to reduce applications of artificial chemicals to a lower level. Yields of Velvetbean seed are very high in the tropics. The seed contains a high level of protein with a useful protein score. If detrimental factors such as L-DOPA and trypsin inhibitors could be eliminated through proper cooking (Ravindran & Ravindran, 1988) , it would also contribute to alleviation of the food problems in some tropical countries. 7) Isolation of Allelochemical from Hairy Vetch. The crude extract of fresh leaves and stems of hairy vetch showed inhibitory activity on hypocotyl and radicle elongations of lettuce. The crude extract from 0.1 g FW of hairy vetch inhibited hypocotyl elongation of lettuce to a level of 50%. Bioassay of fractions isolated from the plant was made during the isolation of all the fractionation procedures. The amounts of samples used for the bioassay were calculated on the basis of the fresh weight of the extracted hairy vetch. The fraction showing the strongest activity was further fractionated chromatographically. Finally it gave a major compound for plant growth inhibition.
This compound was identified as cyanamide (Fig 2 ) from the IR and 1 H NMR spectra. This assignment was confirmed by comparing these spectra with those of authentic cyanamide.
Quantitative analysis: It was confirmed that the hairy vetch used for the isolation of a plant growth inhibitor contained 130 mg of cyanamide per a gram of fresh plant body. The crude extract and authentic cyanamide were compared with regard to their ability to inhibit the growth of lettuce hypocotyls on the basis of their cyanamide concentration. In the whole range of concentrations examined, the growth inhibition of the crude extract on the lettuce hypocotyls was well explained by the action of cyanamide contained in the extract. The growth inhibition on lettuce radicle, however, was not well coincident with cyanamide, especially in the region of lower concentration. At higher concentration, the crude extract inhibited radicle growth, and was well explained by the action of cyanamide. Other lesser-contributing phytotoxic compounds in the crude extract could contribute to the total inhibitory activity on elongation of lettuce radicle, together with cyanamide. These results indicate that cyanamide is a major allelochemical in hairy vetch (Kamo et al, 2003) . The content of cyanamide in a hairy vetch was 0.13 ± 0.04 mg (± SD) per seed. To clarify whether cyanamide is biosynthesized in vivo or not, hairy vetch was grown without nutrients in an illuminated growth chamber for 9 d, and cyanamide content in each plant were determined. Cyanamide existed mainly in the shoot part, but was also found at less amounts in the endosperm covered with the seed coat and in the root part. The total amount of cyanamide was 5.1 ± 2.8 mg (± SD) per whole seedling. It indicates that cyanamide increased after the germination to approximately 40 times greater than the beginning.
Cyanamide has been produced industrially and utilized for drugs and agrochemicals, but is considered to be absent in natural products. At the early stage of this study, it was not certain whether the cyanamide isolated was from a natural source or not, since unexpected contamination by artificial cyanamide might be possible in the field. However it was confirmed that cyanamide is obviously biosynthesized in hairy vetch. L-Cyanoalanine, known as a neurotoxic compound, has been reported to occur in the seeds of common vetch, V. sativa, and other Vicia spp. (Odriozola et al., 1990) . Vicia spp. would be able to biosynthesize cyanides such as cyanamide and L-betacyanoalanine.
Allelopathy might play an important role at conducting intensive agriculture in space ship or space colony in extraterrestrial planets. In such situation, knowledge of allelopathic interaction between plants and plant to other life forms will be important. Volatile chemicals or secondary metabolites emitted by plants must be evaluated to stabilize the balance of environment as a total. Use of allelochemicals from Mucuna or hairy vetch are getting clear, and supposed to be useful for the production of safe food. Extensive studies are required for the future exploitation of outer space. *1 Abbreviations of plant parts are as follows: S: Shoot, R: Root, W: Whole plant (=S+R), L: Leaf, Stem: Stem *2 Germination percentage at the end of germination process speculated with cumulative germination curves fitted to Richards' function (% of control). *3 Germination Rate (% of germinated seeds per day, % of control) *4 Start of germination (a time spent until one seed germinate, ratio to control) *5 Germination Index (I=A ·R/Ts) *6 50 % germination time (a time spent until 50% of seed which can germinate, ratio to control) *7 % of control (control dish is cultured with water) *8 Extraction ratio [mg-D.W./ml]. Extraction ratio was determined in order that EC of the assay solution did not exceed 1 mS/cm. *9 Plant name with underline denotes strong inhibition in either of next parameters: hypocotyl elongation, radicle elongation, A (germination %) , I (germination index). *10 $ marks after plant name shows the degree of inhibition. When each value exceed the criteria of average ± σ, we judge the possibility of inhibition. The number of $ is the number of inhibition in four criteria of *9. 
